The Current Status of Asteroseismology by Aerts, C.C. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The version of the following full text has not yet been defined or was untraceable and may
differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/72511
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
ar
X
iv
:0
80
3.
35
27
v!
 
[a
str
o-
ph
] 
25 
M
ar 
20
08
Solar Physics 
DOI: 10.1007/
The Current Status of Asteroseism ology
C. A e r ts 1 • J . C h r is ten sen -D a lsg a a rd 2 • 
M . C u n h a3 • D .W . K u rtz4
©  Springer • •• •
A b str a c t Stellar evolution, a fundam ental bedrock of m odern astrophysics, is driven 
by th e  physical processes in stellar interiors. W hile we understand  these processes 
in general term s, we lack some im portan t ingredients. Seemingly small uncertain ties 
in th e  inpu t physics of the  models, e.g., the  opacities or th e  am ount of mixing and 
of interior ro tation , have large consequences for the  evolution of stars. T he goal of 
asteroseismology is to  improve the  description of the  interior physics of sta rs by 
m eans of the ir oscillations, ju st as global helioseismology led to  a huge step  forward 
in our knowledge about th e  in ternal stru c tu re  of th e  Sun. In th is paper we present the 
current s ta tu s  of asteroseismology by considering case studies of sta rs w ith  a variety 
of masses and evolutionary stages. In particu lar, we outline how th e  confrontation 
between th e  observed oscillation frequencies and those predicted by the  models allows 
us to  p inpoint lim itations of th e  inpu t physics of current models and improve them  
to  a level th a t cannot be reached w ith  any o ther current m ethod.
K ey w o rd s: Oscillations, S tellar; Interior, Convective Zone; Interior, Core; In stru ­
m entation  and D a ta  M anagem ent
1. In tro d u ctio n
D espite extensive research in recent decades, we lack detailed knowledge of some im­
po rtan t physical processes relevant for th e  description of stellar interiors. T he reason 
is th a t, in general, th e  existing observations do not yet allow a detailed confrontation 
w ith  th e  description of th e  physical properties of either the  stellar m aterial in the 
deepest in ternal layers, or of the  dynam ics of the  ou ter stellar envelope. A t first 
sight, seemingly small uncertain ties in the  inpu t physics of th e  models have large
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consequences for the  whole du ration  and end of th e  stellar life cycle. T he lack of a 
good understanding  of interior tran sp o rt processes, caused by different phenom ena 
such as ro tation , g rav itational settling, rad ia tive levitation, m agnetic diffusion, etc., 
is particu larly  acu te when it comes to  precise predictions of stellar evolution, and 
th e  galactic chemical enrichm ent accom panying it.
G iven th a t global helioseismology led to  a huge step  forward in th e  accuracy of 
th e  in ternal s tru c tu re  model and of th e  tran sp o rt processes inside th e  Sun, astero- 
seismology aims to  ob ta in  sim ilar im provem ents for different types of sta rs by means 
of the ir oscillations. S tellar oscillations indeed offer a unique opportun ity  to  probe 
th e  in ternal properties and processes, because these affect th e  observable frequencies. 
T he confrontation between th e  frequencies m easured w ith  high accuracy and those 
predicted  by models gives insight in to  th e  lim itations of the  inpu t physics of models 
and improves them . In fact, stellar oscillation frequencies are th e  best diagnostic 
known th a t can reach the  required precision in th e  derivation of interior stellar 
properties.
At present, th e  unknow n aspects of th e  physics and dynam ics are dealt w ith 
by using param eterized descriptions, where th e  param eters are tuned  from observa­
tional constraints. These concern, e.g., th e  trea tm en ts  of convection, th e  equation 
of sta te , diffusion and settling  of elements. W hen a lack of observational constraints 
occurs, solar values are often assigned, e.g., to  the  m ixing length param eter in the 
description of convection, or phenom ena are ignored, e.g., convective overshooting 
and the  diffusion of heavy elements. It is hard  to  imagine, however, th a t  one single 
set of param eters is appropria te  for very different types of stars. Similarly, ro tation  
is either not included or is included only w ith  a simplified trea tm en t of th e  evolution 
of the  ro ta tion  law in stellar models (e.g., M aeder and M eynet, 2000). Fortunately, 
ro ta tion  also modifies th e  frequencies of th e  s ta r ’s modes of oscillation (e .g ., Gough, 
1981; Saio, 1981). A n adequate seismic modelling of ro ta tion  inside sta rs therefore 
is w ith in  reach w ith  high-precision m easurem ents and m ode identifications of stellar 
oscillations.
T he origin and physical n a tu re  of stellar oscillations, as well as the ir m athem atical 
p roperties, were thoroughly discussed by C unha e t al. (2007), to  which we refer 
th e  reader for th e  theoretical considerations of asteroseismology. Extensive recent 
overviews of th e  occurrence of stellar oscillations across the  entire H R  diagram , 
and asteroseismic applications thereof, are already available in K urtz (2004, 2006), 
C unha e t al. (2007), and A erts, Christensen-D alsgaard, and K urtz (in p repara tion  for 
Springer-Verlag). R a th e r th a n  repeating  such an observational overview here in a far 
m ore concise form at, we have opted  to  outline the  current s ta tu s  of asteroseismology 
by focusing on a few carefully chosen exam ples th a t show the  m erits th is research 
field has brought to  the  im provem ent of stellar modelling, i .e ., we confine ourselves 
to  cases where q uan tita tive  m easures of in ternal stru c tu re  param eters have been 
achieved. We s ta r t by considering examples of sta rs th a t oscillate sim ilarly to  the 
Sun, and then  move on to  pulsators excited by a heat m echanism  for a discussion of 
convective overshooting and ro ta tion  inside stars. T he rapidly oscillating Ap stars, 
being pulsators w ith  very strong m agnetic fields, are of particu lar interest to  solar 
astronom ers, so are discussed in a separate  paper in th is volume (K urtz, 2008).
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F igure  1. HR diagram showing the stars in which solar-like oscillations have been detected 
(with H R2530 =  HD49933). The discoveries for 171 Pup, H R 5803 (HD 139211) and tP sA  are 
unpublished (Carrier et al., in preparation). Figure courtesy of Fabien Carrier.
2. From  th e  S u n  to  S tars: th e  P r o p e r tie s  o f  S o lar-L ike P u lsa to r s
As th e  oscillations of the  Sun are caused by tu rbu len t convective m otions near its 
surface, we expect such oscillations to  be excited in all s ta rs w ith  significant outer 
convection zones. Solar-like oscillations are indeed predicted  for the  lowest-mass 
main-sequence stars up  to  objects near the  cool edge of th e  classical instab ility  strip  
w ith  masses near 1.6 M© (e .g ., Christensen-D alsgaard, 1982; C hristensen-D alsgaard 
and Frandsen, 1983; Houdek e t al., 1999) as well as in red giants (Dziembowski 
e t al., 2001). Such stochastically  excited oscillations have very tiny  am plitudes, which 
makes them  hard  to  detect, particu larly  for the  low-mass stars. Velocity am plitudes 
were predicted  to  scale roughly as L / M , where L and M  are th e  lum inosity and mass 
of the  sta r, before th e  first firm discoveries of such oscillations in stars o ther th a n  the 
Sun (Kjeldsen and Bedding, 1995). This scaling law was la te r modified to  ( L /M ) 0 '8 
from excitation predictions based on 3D com putations of th e  outer convection zones
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of th e  sta rs (Sam adi e t al., 2005), resulting in lower am plitudes com pared w ith  those 
found for 1D models.
T he m odes observed in th e  Sun at low spherical harm onic degree l, and hence 
solar-like oscillations observable in d is tan t stars, are high-order acoustic modes. They 
satisfy an approxim ate asym ptotic relation (e .g ., V andakurov, 1967; Tassoul, 1980; 
Gough, 1993), according to  which, to  leading order,
v ne -  A t/  ^ra +  |  + e ^ j , (1)
where vn i is th e  cyclic frequency of a m ode of radial order n  and degree l and e is a 
function of frequency determ ined m ainly by the  conditions near th e  stellar surface. 
Also,
is a m easure of th e  inverse sound travel tim e over a stellar diam eter, r  being the 
distance to  th e  stellar centre, R  th e  surface radius of th e  s ta r  and c is th e  adiabatic 
sound speed. From sim ple considerations it follows th a t th e  large fre q u e n c y  se p a ra tio n  
satisfies A v  x  ( M /R 3 ) 1/2 and hence is a m easure of th e  m ean density  of th e  star. 
D epartures from E quation  (1) can be characterized by th e  sm a ll  f r e q u e n c y  se p a ra tio n : 
S v n i  =  v ni  — v n - i i+ 2 . This quan tity  is m ainly sensitive to  the  sound speed in 
th e  core of th e  s ta r and hence provides a m easure of the  evolutionary state . The 
sensitivity  of A v  and Sv on stellar properties allows a calibration  of stellar models 
in term s of (A v, Sv) to  estim ate th e  m ass and evolutionary stage of the  s ta r (e .g ., 
Christensen-D alsgaard, 1984, 1988; Ulrich, 1986).
T he search for solar-like oscillations in sta rs in th e  solar neighbourhood has been 
ongoing since the  early 1980s. T he first indication of stellar power w ith  a frequency 
dependence sim ilar to  th a t of th e  Sun was obtained by Brown e t al. (1991) in a  CMi 
(Procyon, F5IV). T he first detection  of individual frequencies of solar-like oscillations 
was achieved from  high-precision tim e-resolved spectroscopic m easurem ents only in 
1995 for the  G5IV s ta r  n Boo (Kjeldsen e t al., 1995); Brown e t al. (1997), however, 
could not establish a confirm ation of th is detection  from independent m easurem ents, 
b u t it was subsequently confirmed by Carrier, Bouchy, and Eggenberger (2003) and 
K jeldsen e t al. (2003). It took another four years before solar-like oscillations were 
definitely established in Procyon (M artic e t al., 1999). W hile the re  was a recent 
controversy about th is detection (M atthew s e t al., 2004; Bedding e t al., 2005) which 
we do not discuss in detail here, th e  results of M artic e t a l.(1999) have been con­
firm ed (Mosser e t al., 2008) and an in-depth  asteroseismic investigation based on a 
large m ultisite cam paign is presently  being conducted. Subsequent to  M artic et a l.’s 
results, solar-like oscillations were found in two m ore stars: th e  G2IV s ta r 3  Hyi 
(Bedding e t al., 2001) and th e  solar tw in a  Cen A (Bouchy and Carrier, 2001). These 
im portan t discoveries led to  several m ore subsequent detections, a sum m ary of which 
was provided by B edding and K jeldsen (2007). T he positions of confirmed solar-like 
pulsators in th e  H R diagram  are displayed in F igure 1. T he detected  frequencies and 
frequency separations for all s ta rs behave as expected from theoretical predictions 
and from scaling relations based on ex trapolations from helioseismology.
T he oscillation frequencies and frequency separations detected  in solar-like pul­
sators provide additional constra in ts w ith  which to  test models of stellar s truc tu re
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and evolution in conditions slightly different from those provided by the  Sun. Such 
studies generally involve a fit of theoretical models, characterized by a num ber of 
model param eters, to  th e  set of seismic and non-seismic d a ta  available for a given 
pulsator. Theoretical modelling of solar-like pulsators using th is direct fitting  ap­
proach has been carried out for several stars, including n Boo (Carrier, Eggenberger, 
and Bouchy, 2005; G uenther e t al., 2005), P rocyon (Eggenberger e t al., 2004a; 
Eggenberger, Carrier, and Bouchy, 2005; Provost e t al., 2006), and a  C enA  and 
B (e .g ., Eggenberger e t al., 2004b; Miglio and M ontalban, 2005; Yildiz, 2007). So 
far, th e  m ain results of these fits are estim ates of th e  stellar masses, ages, and in itial 
m etallicities, even though  in some cases th e  results are still controversial, and call 
for b e tte r  sets of data.
Among th e  solar-like pulsators, the  b inary  s ta r  a  C enA  and B provides a par­
ticularly  interesting  test-bed  for studies of stellar s tru c tu re  and evolution, due to  
th e  num erous and precise seismic and non-seismic d a ta  th a t are available for bo th  
com ponents of th e  binary. Studies of a  C enA  and B, including seismic and non- 
seismic d a ta  for bo th  com ponents, indicate th a t th e  age of th e  system  is likely to  
be between 5.6 and 7.0 Gyr, th e  value derived being dependent, in particu lar, on 
th e  seismic observables th a t are included in the  fits. Moreover, the  same studies 
point to  a significant difference in the  values of th e  m ixing-length param eter (aMLT, 
see Section 3 for a definition), for the  two stars, although the  sign is uncertain  and 
possibly dependent on th e  detailed trea tm en t of th e  effects of the  near-surface layers 
in the  analysis of the  observed frequencies. Eggenberger e t al. (2004b) and Miglio and 
M ontalban (2005) found th a t th e  value for a  Cen B is larger th a n  th a t for a  Cen A, 
whereas Teixeira e t al. (in preparation) found th a t aMLT was slightly s m a lle r  for 
a  Cen B th a n  for a  Cen A. T he la tte r  s tudy  also found th a t th e  best-fitting  model for 
a  Cen A was on th e  border of having a convective core (see Christensen-D alsgaard,
2005): even a slight increase in the  m ass of th e  model led to  a significant convective 
core and hence a model th a t  was qu ite  far from m atching th e  observed properties.
Despite th e  successful case studies ju s t outlined, the  detailed seismic studies of 
stars w ith  stochastically-excited modes are curren tly  still in the ir infancy com pared 
w ith  global helioseismology. However, given the  recent detections and th e  contin­
uing efforts to  improve them , we expect very substan tia l progress in th e  seismic 
in te rp re ta tion  of such ta rge ts in the  coming years. In particu lar, the  CoRoT (e .g ., 
Michel e t al., 2006) and K e p le r  (e .g ., C hristensen-D alsgaard e t al., 2007) missions 
will give d a ta  of very high quality  on solar-like oscillations. As seen in the  exam ple of 
a  Cen A above, it is notew orthy th a t th e  class of m ain-sequence solar-like oscillators 
encompasses transition  objects regarding th e  developm ent of a convective core on 
th e  m ain sequence (1 M© <  M  <  1.5 M©). Asteroseismology will surely refine the 
details of the  yet poorly understood physics th a t occurs near the  core of th e  objects 
in this transition  region. Also, d a ta  of th e  expected quality  will provide inform ation 
about th e  dep th  and helium  content of th e  convective envelope (e .g . H oudek and 
Gough 2007a), as well as m ore reliable determ inations of stellar ages (Houdek and 
Gough 2007b).
A dditional inform ation from solar-like oscillations is available in th e  cases of 
relatively evolved stars , beyond the  stage of central hydrogen burning. Here th e  fre­
quency range of stochastically-excited modes m ay encompass m ix e d  m o d e s  behaving 
as standing  in ternal gravity  waves, or g modes, in th e  deep chemically inhomogeneous 
regions, thus providing much higher sensitivity  to  th e  properties of th is region. In
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fact, the re  is some evidence th a t such m odes have been found in the  subgiant n Boo 
(Christensen-D alsgaard, Bedding, and Kjeldsen, 1995).
Evidence for ro ta tional sp litting  (see Section 4 for a definition) has been found 
in a  C enA  (Fletcher e t al., 2006; Bazot e t al., 2007). However, it has not yet been 
possible to  m ap the  interior ro ta tion  of a solar-like pulsator, since th e  present fre­
quency m ultip let detections are insufficient. We note th a t Lochard, Samadi, and 
G oupil (2004) found, w ith  sim ulated data , th a t th e  presence of mixed modes in a 
s ta r such as n  Boo m ay allow some inform ation to  be derived about the  variation of 
th e  in ternal ro ta tion  w ith  position.
For a few pulsators excited by th e  heat m echanism , d a ta  are already available 
th a t provide such inform ation, albeit only very roughly. We discuss th is fu rther in 
Section 4, b u t first we highlight in th e  next section some case studies th rough  which 
th e  properties of core convection have been tuned  by asteroseismology.
3. S e ism ic  D er iv a tio n  o f  C o n v ectiv e  O v e rsh o o tin g  in sid e  S tars
T he s tandard  description of convection used in stellar modelling is th e  Mixing Length 
Theory (MLT) of Bohm -V itense (1958). In th is  theory, the  convective m otions are 
trea ted  as being tim e-independent. In the  absence of a rigorous theory  of convec­
tive m otions based on first principles, the  convective cells are assum ed to  have a 
m ean-free-path length  of aMLT H p , where H p is th e  local pressure scale height. The 
m ixing-length param eter depends on th e  physics considered in th e  model and on 
th e  specific form ulation of th e  MLT used. Its  value for Model S for th e  Sun of 
C hristensen-D alsgaard e t al. (1996) is aMLT — 1.99, using the  Bohm -V itense (1958) 
MLT form ulation.
In the  context of stellar evolution, it is of crucial im portance to  quantify  the 
am ount of m a tte r in the  fully mixed central region of th e  star. This am ount is 
usually derived from the  Schwarzschild criterion, which sta tes th a t convection occurs 
in regions where th e  adiabatic tem pera tu re  gradient is smaller th a n  the  radiative 
gradient. However, from a physical point of view, it is highly unlikely th a t convective 
elements stop  ab rup tly  at th e  boundary  set by th e  Schwarzschild criterion. R ather, 
the ir inertia  causes them  to  overshoot into the  adjacent stable area where radiative 
energy tran sp o rt takes place. T he am ount of such overshooting is, however, largely 
unknown. For th is reason, it is custom ary to  express it as a ov H p where a ov is 
expected to  be a small fraction of aMLT.
T he inability  to  derive a value for a MLT and a ov from a rigorous theoretical 
description is highly unsatisfactory, particu larly  for stars w ith a convective core, 
because the  to ta l mass of th e  well-mixed central region of th e  sta r determ ines its 
stellar lifetime. This is th e  reason why great effort has been, and is being, m ade to  
quantify  a ov, keeping in m ind th a t we have already a fairly good estim ate of aMLT 
from th e  Sun. We describe here th e  power of asteroseismology to  determ ine a ov.
In th e  solar case helioseismic analyses have provided constrain ts on th e  over­
shoot from th e  solar convective envelope, assum ing th a t this results in a nearly 
adiabatic extension of th e  convection zone followed by an ab rup t transition  to  the 
rad ia tive tem pera tu re  gradient (Zahn, 1991). A ssum ing also, as usual, a spherically 
sym m etric model, such a behaviour introduces a characteristic p a tte rn  in th e  fre­
quencies in th e  form of an oscillatory variation  of th e  frequencies as functions of 
th e  m ode order. From the  observed am plitude of this signal, an overshoot region
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of the  n a tu re  considered m ust have an extent less th a n  around 0.1 H p (Basu, An- 
tia , and N arasim ha, 1994; M onteiro, C hristensen-D alsgaard, and Thom pson, 1994; 
Christensen-D alsgaard, M onteiro, and Thom pson, 1995). It was found by M onteiro. 
Christensen-D alsgaard, and Thom pson (2000) th a t a sim ilar analysis can be carried 
out on th e  basis of ju s t low-degree modes, such as will be observed in d is tan t stars.
Owing to  the ir sensitivity  to  th e  core structu re , the  low-degree solar-like oscilla­
tions should in principle be sensitive to  overshoot from convective cores. Models of 
n Boo w ithout and w ith  overshoot were considered by Di M auro e t al. (2003, 2004). 
A lthough th e  present observed frequencies are not sufficiently accurate to  provide 
d irect inform ation about th e  properties of the  core, it was found th a t for a ov >  0 .2  
models could be found in th e  central hydrogen-burning stage which m atched the 
observed location in the  H R diagram . In such models, m ixed modes are not ex­
pected; thus the  definite identification of mixed m odes would constrain  th e  extent 
of overshoot in th e  star. S traka, D em arque, and G uenther (2005) considered models 
of Procyon w ith various types of core overshoot to  determ ine th e  extent to  which 
overshoot could be asteroseism ically constrained.
For th e  p-m ode diagnostics considered, little  sensitivity  to  overshoot was found, 
while the, perhaps unlikely, detection  of g m odes in Procyon, such as have been 
claim ed in th e  Sun, would provide m uch stronger constrain ts on the  overshoot dis­
tance. As in th e  case of n Boo, th e  definite identification of the  s ta r  as being on 
th e  subgiant branch, e.g., from the  properties of th e  oscillation frequencies, would 
provide s tric t constra in ts on the  extent of overshoot during th e  central hydrogen- 
burning phase. M azum dar e t al. (2006a) m ade a detailed analysis of th e  sensitivity 
of suitable frequency com binations to  th e  properties of stellar cores and found th a t 
th e  m ass of the  convective core, possibly including overshoot, could be determ ined 
w ith  substan tia l precision, given frequencies w ith  errors th a t  should soon be reached. 
C unha and M etcalfe (2007) developed diagnostics of small convective cores th a t may 
in principle also provide inform ation about th e  properties of overshoot; th e  detailed 
sensitivity  still needs investigation, however.
Q uan tita tive  m easures of th e  core convective overshooting param eter have been 
achieved by fitting  the  frequencies of some of th e  3  Cep stars. This group of young, 
P opulation  I, near-m ain-sequence pulsating  B sta rs has been known for m ore th a n  a 
century. They have masses in th e  range 8 - 1 8  M©, and they  oscillate in low-order p 
and g modes w ith periods in th e  range 2 - 8  hours. These oscillations are excited by 
a heat m echanism  acting th rough  opacity features associated w ith  elem ents of the  
iron group (e .g ., Dziembowski and Pam iatnykh, 1993; P am yatnykh, 1999; Miglio, 
M ontalbán, and D upret 2007). A recent overview of th e  observational properties of 
th e  class was provided by Stankov and H andler (2005). M ost of th e  3  Cep sta rs show 
m ultiperiodic light and line-profile variations and m ost ro ta te  at only a small fraction 
of th e  critical velocity.
Significant progress in the  detailed seismic modelling of the  3  Cep sta rs has 
occurred over the  last few years and has led to  quan tita tive  estim ates of th e  core over­
shooting param eter a ov for several class m em bers w ith  slow ro ta tion  (see, e.g., Aerts, 
2006, for a sum m ary). We illu stra te  th is here for the  s ta r  0 O ph, whose frequency 
spectrum  was determ ined from a m ultisite photom etric cam paign and is represented 
in F igure 2 (Handler, Shobbrook, and Mokgwetsi, 2005). An additional long-term , 
high-resolution spectroscopic cam paign revealed th a t th is s ta r  is a m em ber of a 
spectroscopic b inary  w ith  an o rb ita l period of 56.71 days and an eccentricity of 0.17 
(B riquet e t al., 2005), and allowed the  identification of the  spherical wavenumbers
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Frequency (d 1)
F igure  2. The schematic frequency spectrum of the 0 Cep star 0 Oph for the Stromgren u 
filter as derived from a multisite photometric campaign. The measured photometric amplitude 
ratios led to an identification of the frequencies v i,v 2 , V3 , and V4 as, respectively, I  =  2 , 2 , 0 , 1. 
(Figure reproduced from Handler, Shobbrook, and Mokgwetsi, 2005).
x =  r/R
F igure  3. The rotational kernels defined in Equation (4) as a function of radial distance inside 
the star (x = r / R ), for the identified I  =  1, p i mode (solid line) and I  = 2 , gi mode (dashed 
line) of the 0  Cep star 0 Oph. The vertical dotted line marks the position of the boundary of 
the convective core, including the overshoot region. Note that the kernels also approximately 
represent the relative sensitivity of the mode frequencies to other aspects of the stellar interior. 
(Figure reproduced from Briquet et al., 2007).
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Table 1. The identification of the pulsation modes of the 
3  Cep star 0 Oph derived from multicolour photometric and 
high-resolution spectroscopic data. Positive m-values repre­
sent prograde modes. The amplitudes of the modes are given 
for the Stromgren u filter and for the radial velocities. Table 
reproduced from Briquet et al. (2007).
ID Frequency (d x) (I, m ) u ampl.
(mmag)
RV ampl.
(km s—x)
V1 7.1160 (2 ,-1 ) 12.7 2.54
V5 7.2881 (2, +1) 2.1 -
V2 7.3697 (2, +2) 3.6 -
V3 7.4677 (0, 0) 4.7 2.08
V4 7.7659 (1 ,-1 ) 3.4 -
V6 7.8742 (1, 0 ) 2.3 -
V7 7.9734 ( l .+ l ) 2.4 -
(I, m ) of th e  seven detected  frequencies from th e  line-profile variations induced by 
th e  oscillations (see Table 1 reproduced from B riquet e t al., 2007).
Because th e  frequency spectra  of 3  Cep sta rs are so sparse for low-order p  and 
g modes com pared w ith  those of solar-like pulsators (see F igure 2), one does not have 
m any degrees of freedom to  fit th e  securely-identified modes. This led to  th e  identi­
fication of the  radial order of the  m odes of 9 O ph as gi for th e  frequency quintuplet 
containing v i , V5 , v2 , th e  radial fundam ental for V3 and p i for th e  trip le t V4 , v6 , V7 . 
F ittin g  the  th ree independent m  =  0 frequencies results in a relation  between the 
m etallicity  and the  core-overshooting param eter, because th e  stellar models for main- 
sequence B sta rs typically depend on th e  five param eters (X , a o v , Z ,  M ,  age) if 
we ignore effects of diffusion. N ote th a t a^L T  is usually fixed to  th e  solar value; for 
B stars, w ith the ir extrem ely th in  and inefficient ou ter convection zones, changing 
« m l t  w ith in  reasonable lim its does not change th e  characteristics of th e  models. 
In th is way, one finds a ov =  0.44 ±  0.07 from a detailed high-precision abundance 
determ ination  for 9 O ph (B riquet e t al., 2007).
T he reason why we can derive th e  core overshooting and th e  ro ta tion  (see Sec­
tion  4), and provide a quan tita tive  m easure of these param eters for th is sta r, is the 
different probing ability of th e  non-radial modes. This can be illu stra ted  by plotting  
probing kernels of th e  modes. Different types of such kernels are used, depending 
on th e  kind of behaviour under investigation. This is illu stra ted  in F igure 3, where 
we show the  ro ta tional sp litting  kernels K (x )  (which will be defined in E quation  (4) 
below) of 9 O ph for the  two non-radial modes. It can be seen th a t th e  g i m ode’s 
kernel behaves differently near th e  boundary  of the  core region, and thus probes 
th a t region in a different way th a n  the  p i mode, allowing the  derivation of details 
of th e  ro tational properties as explained below. A sim ilar figure holds for the  energy 
d istribu tion , which allows probing th e  extent of th e  core region. A com parable result 
was obtained for V 836C en whose frequency spectrum  is alm ost a copy of th a t of 
9 O ph (see F igure 5) and also for v E ri (Pam yatnykh, H andler, and Dziembowski,
2004).
T he com bination of low-order p  and g modes thus tu rn s  out to  be a very pow­
erful tool to  derive th e  in ternal s tru c tu re  param eters of massive stars. A dditional
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measures of th e  core overshooting have been ob tained for the  ¡3 Cep sta rs ¡3 CM a 
(M azum dar e t al., 2006b) and 6  Ceti (Aerts e t al., 2006). For all these 3  Cep stars, 
a ov ranges from  0.1 to  0.5, although these values depend som ew hat on the  adopted 
m etal m ix ture (Thoul e t al., 2004). It is rem arkable th a t th e  frequencies of ju s t two 
well-identified oscillation modes th a t have sufficiently different kernels allow one to 
derive th e  overshooting param eter w ith  a precision of typically  0.05 expressed in H p . 
Adding ju s t a few m ore well-identified m odes should drastically  reduce th is  error for 
specific inpu t physics of the  models.
T he seismically derived estim ates of core overshooting in 3 Cep sta rs are com pat­
ible w ith  the  q uan tita tive  results for eight detached double-lined eclipsing binaries 
obtained by Ribas, Jordi, and Giménez (2000), who found a ov to  range from 0.1 
to  0.6 for p rim ary  masses ranging from 1.5 to  9 M g . A nother way of determ ining 
th e  am ount of overshooting from d a ta  is by fitting  stellar evolutionary tracks to  
th e  dereddened colour-m agnitude diagram s of clusters, e.g., a ov =  0.20 ±  0.05 for 
th e  in term ediate  age open cluster NGC3680 (K ozhurina-Platais e t al., 1997) and 
a ov «  0.07 for the  old open cluster M67 (VandenBerg and S tetson, 2004). In these 
two m ethods, essentially th e  sam e five unknow n stru c tu re  param eters occur as for 
th e  seismic modelling, since stellar evolution models are used to  fit the  position 
of th e  b inary  com ponents and of the  cluster m ain-sequence turn-off point in the 
HR diagram , respectively. T he uncertain ty  on the  overshoot distance derived from 
th e  light curve analysis of an accurately m odelled eclipsing b inary  or from fitting 
of a cluster turn-off point is typically between 0.05 and 0.1 H p provided th a t the 
m etallicities are known. It is interesting, although perhaps fortuitous, th a t all these 
quan tita tive  m easures of th e  am ount of overshooting are in agreem ent w ith  the  
theoretical predictions by D eupree (2000) from 2D hydrodynam ic sim ulations of 
zero-age m ain-sequence sta rs w ith  a convective core.
4. S e ism ic  D er iv a tio n  o f  th e  In tern a l R o ta t io n  P ro file  o f  S tars
T he ro ta tion  of a s ta r  implies a sp litting  of th e  oscillation frequencies com pared w ith 
th e  case w ithout ro tation . Hence, ro ta tion  becomes apparen t in  frequency spectra 
as m ultip lets of 2£ + 1  com ponents for each m ode of degree I. Ignoring ro tational 
effects higher th a n  order one in the  ro tational frequency as well as th e  influence of a 
m agnetic field, th e  frequency sp litting  becomes
Vm =  vq +  n i  f  K ( r )  , (3)
J0  2n R
where vm is th e  cyclic frequency of a m ode of azim uthal-order m , and is the 
angular velocity which we here assum e to  depend only on the  distance (r)  to  the 
centre. T he ro ta tional kernels are defined as
K ( r )  —  ~  +  [1(1 +  1) ~  1 K h )  r ~ P  ^
d r
/n R + 1 (1  + ! ) &
2r  p
w ith  £r and th e  radial and tangential com ponents of th e  displacem ent vector
£ = ( £ r  e r  +  )Y m . (5)
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Radial overtone (n)
F igure  4. Frequency splittings |Av| =  |vm — vo| of the triplets detected for GD 358 as a 
function of radial overtone n . The full line connects the values for the m  =  +1 components 
corresponding to prograde modes and the dotted line those for m =  —1 representing retrograde 
modes. (Figure reproduced from Winget et al., 1994).
If such m ultip lets are observed, the ir s tructu res are a great help in m ode iden­
tification, as non-radial modes w ith  a given value of I  have 21 + 1  m ultip let peaks 
corresponding to  the  different values of m , although not all peaks may be visible 
owing to  the  geom etry of th e  modes or excitation  of the  com ponents, while radial 
modes show no m ultip le t s tru c tu re . T h e  recognition of th e  m ultip let s tru c tu re  is far 
easier for very slow ro tato rs, where “slow” here m eans th a t th e  ro ta tional frequency 
is far lower th a n  the  frequency spacing for m  =  0 com ponents of m odes of adjacent 
radial order n.
Below, we describe two types of pulsators for which a quan tita tive  m easure of 
differential interior ro ta tion  has been established.
4.1. W hite  Dwarfs
T he first detection  of differential ( i .e ., non-rigid) ro ta tion  inside a s ta r  besides the 
Sun was achieved for th e  DBV w hite dw arf GD 358 from a m ultisite cam paign by 
th e  W hole E a rth  Telescope organisation (W inget e t al., 1994). T he m ultiperiodic 
variations of DBV w hite dwarfs are due to  low-degree, high-order g modes, excited 
by th e  heat m echanism  active in  th e  second partia l ionization zone of helium. Their 
oscillation periods range from 4 to  12 m inutes and the ir photom etric am plitudes 
are relatively large, from a few m m ag to  0.2 mag (e .g ., Bradley, 1995). Among the 
more th a n  180 significant frequency peaks detected  in th e  w hite-light photom etric 
lightcurve of GD 358 covering 154 hours of da ta , 27 are th e  com ponents of well- 
identified trip le ts. These frequency splittings are shown as a function of radial order 
n  in F igure 4. It can be seen th a t larger splittings occur for higher radial order,
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while one would expect these splittings to  be constant for rigid ro ta tion  inside the 
w hite dwarf. Since th e  modes of higher radial-order probe predom inantly  th e  outer 
layers and those of lower radial-order th e  inner parts , th e  ro ta tion  of GD 358 m ust 
be radially  differential. T he m ean splitting  for th e  m odes of n  = 1 6  and 17 leads to 
a ro ta tio n  period of 0.89 days th rough  Equations (3) and (4), while for n  =  8 , 9 the 
ro ta tion  period is 1.6 days. W inget e t al. (1994) therefore concluded th a t the  inner 
p a rts  of GD 358 ro ta te  0.6 tim es m ore slowly th a n  its ou ter layers, where “inner” 
and “ou ter” refer to  those regions probed by the  detected  trip lets. However, Kawaler, 
Sekii, and Gough (1999) found th a t the  d a ta  were not yet of sufficient quality  to  allow 
a m ore detailed inversion for th e  variation of th e  in ternal ro ta tion  w ith  depth.
T he detailed seismic modelling of GD 358 followed th a t achieved previously for the 
p ro totypical DOV w hite dw arf PG1159-035 (GW  Vir) described in the  sem inal work 
by W inget e t al. (1991), which was again based on d a ta  collected by the  W hole E arth  
Telescope consortium  (N ather e t al., 1990). This led to  125 significant frequencies for 
G W  Vir, of which 101 were identified as com ponents of ro tationally  split trip le ts and 
quintuplets. Unlike th e  case for GD 358, all m ultip lets for a given I  showed th e  same 
frequency splitting  w ithin th e  m easurem ent errors, allowing W inget e t al. (1991) 
to  deduce a constan t ro ta tion  period of approxim ately 1.38 ±  0.01 day throughout 
th e  w hite dwarf. Classical spectroscopy can in no way reveal the  ro ta tion  periods of 
single com pact stellar rem nants w ith  such high precision, not even in th e  case where 
th e  inclination angle can be estim ated  from independent inform ation.
T he deviation of GD 358’s sp littings for m  =  + 1  w ith  respect to  those for m  =  —1 
in F igure 4 was in te rp re ted  by W inget e t al. (1994) in term s of a weak m agnetic field 
of 1300 ±  300 G, which causes sp littings ~  |m 2 | in addition to  th e  ro tational splitting  
given in E quation  (3) (e .g ., Dziembowski and Goode, 1984; Jones e t al., 1989). The 
effect of a m agnetic field could not be established for the  frequency m ultiplets of 
P G  1159-035, which led to  an upper lim it of 6000 G for th a t ob ject’s m agnetic field 
(W inget e t al., 1991). It is notew orthy th a t the  magnetic-field streng th  th a t can be 
probed by classical spectroscopy of w hite dwarfs th rough the  Zeeman effect requires 
fields roughly a factor of 1 0 0 0  stronger th a n  w hat can be found from asteroseismology.
T he case studies of GD 358 and P G  1159-035 by th e  W hole E a r th  Telescope 
consortium  im plied not only a first te s t case for th e  technique of asteroseismology, 
b u t at the  sam e tim e a real breakthrough in th e  derivation of w hite dw arf s truc tu re  
models. It not only led to  estim ates of in ternal ro ta tion  and m agnetic field strength , 
b u t also allowed a high-precision m ass estim ate (0.586 ±  0 .003 M q  for PG1159-035 
and 0.61 ±  0.03 M q  for GD 358). It also proved th a t th e  ou ter layers of w hite dwarfs 
are com positionally stratified. This was derived from deviations of th e  frequency 
spacings due to  m ode trapp ing  com pared w ith  spacings for unstratified  models. Mass 
estim ates w ith  such high precision cannot be achieved from o ther means, except for 
relativistic effects in b inary  pulsars. These two seismic studies of w hite dwarfs paved 
th e  road for m any others of the ir kind, b u t none of th e  m ore recent ones have led 
to  m ore accurate in ternal ro ta tion  rates th a n  those for PG1159-035 and GD 358. We 
refer to  Kepler (2007) and Fontaine and B rassard  (in preparation) for recent review 
papers on w hite-dw arf seismology.
4.2. M ain-Sequence Stars
T here are presently  only th ree  m ain-sequence stars, besides th e  Sun, for which an 
observational constra in t on th e  in ternal-ro tation  profile has been derived. In all th ree
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F igure  5. The schematic frequency spectrum of the 3  Cep star V836 Cen derived from sin­
gle-site Geneva U data spanning 21 years. The dotted lines are frequencies that are not yet 
firmly established; these were not used in the seismic modelling. (Figure reproduced from Aerts 
et al., 2004).
cases, it was achieved th rough asteroseismology of 3  Cep stars. Several of these are 
su itab le ta rge ts  to  a ttem p t m apping of the ir interior ro ta tion  because the ir ro tational 
frequencies are well below th e  frequency spacing between m ultiplets. These stars 
are particu larly  in teresting  ta rge ts  for th is purpose, because th e  largest uncertain ty  
in stellar evolution models for massive sta rs is precisely concerned w ith  ro tational 
mixing effects.
T he first seismic proof of differential ro ta tion  in a m assive s ta r  was ob ta ined  for 
th e  B3V s ta r  V 836C en (HD 129929; A erts e t al., 2003). This result was derived 
from th e  well identified (parts) of one ro tationally  split frequency trip le t and one 
qu in tup let, as shown in F igure 5. This s ta r ’s detected  frequency spectrum  is obviously 
very sim ilar to  th e  one of 9 O ph (com pare Figures 2 and 5), except th a t V 836Cen 
is a slower ro ta to r th a n  9 Oph. Given th a t only two m ultip lets were available for 
V 836Cen, D upre t e t al. (2004) assum ed a linear ro ta tion  law and concluded th a t 
th e  ro ta tional frequency near the  stellar core is 3.6 tim es higher th a n  at th e  surface. 
I t was possible to  derive th is because the  kernels of th e  gi and p i modes probe 
differently the  ro tational behaviour near th e  stellar core, ju s t as for 9 O ph (see 
F igure 3). A very sim ilar result, th e  ro ta tion  of th e  deep interior exceeding the  
surface ro ta tion  by a factor between th ree  and five, was obtained by Pam yatnykh, 
H andler, and Dziembowski (2004) from th e  g i and p i  I  = 1  modes of th e  B2III
3  Cep s ta r v E ri (HD 29248). These results are com patible w ith  th e  assum ption of 
local angular-m om entum  conservation. B oth  V 836C en and v E ri are -  for upper 
main-sequence sta rs -  very slow ro tato rs, w ith  surface ro ta tio n  velocities of 2 k m s - 1  
(V836Cen) and 6 k m s - 1  (v E ri) . This m ade th e  seismic derivation of th e  interior 
ro ta tion  possible, because th e  sp litting  of th e  m ultip lets does not interfere w ith the
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frequency separation  between different m ultiplets. T he ro ta tion  profile itself could 
not be tuned  further, given th a t only p a rts  of very few m ultip lets were available. 
Classical spectroscopy, even at extrem ely high resolution, could never have led to  
th e  proof of differential interior ro tation , as it can only m easure th e  surface ro tation . 
Moreover, the  intrinsic line broadening of such sta rs is typically of order «  10 k m s- 1 , 
which is larger th a n  the  surface ro ta tion  velocity of these two stars, preventing a 
derivation of th e  projected  equatorial ro ta tion  velocity to  b e tte r  th a n  1 k m s- 1 .
For th e  s ta r  9 O ph, which is a tw in of V836 Cen as far as the  detected  frequency 
spectrum  is concerned, rigid interior ro ta tion  could not be excluded from com parison 
of th e  frequency spacing in its trip le t and its qu in tuplet (B riquet e t al., 2007). Its 
frequency precision is two orders of m agnitude lower th a t for V836 Cen and one order 
of m agnitude lower th a n  for v Eri. In any case, strong differential ro ta tion  is excluded 
for th a t s ta r  as well.
5. E x p e c te d  F u tu re Im p rovem en ts
5.1. C om pact P u lsato rs and the  Tuning of A tom ic Diffusion
A field w ithin asteroseismology, which we did not discuss extensively here b u t which 
is undergoing rap id  growth and m ay tune our knowledge of microscopic diffusion 
for stellar s tru c tu re  and of b inary  s ta r evolution, is the  application to  pulsating 
subdw arf B sta rs (sdBVs). W hile sdBVs w ith  p  modes were discovered a decade ago 
(Kilkenny e t al., 1997), those w ith  g m odes were discovered m ore recently (Green 
e t al., 2003). T he existence of sdBVs was predicted  independently  and sim ultane­
ously w ith  the ir observational discovery (C harpinet e t al., 1996). An opacity bum p 
associated prim arily  w ith  iron-group elem ents tu rn s  out to  be tu rn s  out to  be an 
efficient driving mechanism. T he atom ic diffusion processes th a t  are at work in sdB 
sta rs -  rad ia tive lev ita tion  and grav itational se ttling  -  cause iron (and also zinc) 
to  become overabundant in the  driving zone, thus exciting low-order p  and g modes 
(C harpinet e t al., 1997; Jeffery and Saio, 2006). T he details of the  diffusion processes 
are, however, still uncertain . These m ay also be relevant for th e  SPBs and 3  Cep stars 
(Bourge e t al., 2006), for which diffusion processes have been ignored so far in the 
seismology. Such processes are dom inant in th e  atm ospheres of the  roAp stars, as is 
discussed by K urtz  (2008).
From an evolutionary point of view, th e  sdB stars are poorly understood. Their 
effective tem peratu res are in the  range 23 0 0 0 -3 2  000 K, and the ir log g in the  range 
5 - 6 .  They all have masses below 0 .5 M© which implies th a t they  have lost alm ost 
the ir entire hydrogen envelope at th e  tip  of th e  red-giant branch. T heir th in  hy­
drogen layer does not contain enough m ass to  bu rn  hydrogen, m aking them  evolve 
im m ediately from  th e  giant b ranch tow ards th e  extrem e horizontal branch. W hile it 
is clear they  will end the ir lives as low-mass w hite dwarfs, it is yet unclear how they 
expelled the ir envelopes. All scenarios th a t have been proposed involve close b inary  
in teraction  (Han e t al., 2003; H u e t al., 2007).
T he curren tly  known sdB pulsators have m ultiple periods in th e  range 8 0 -6 0 0  
seconds and am plitudes up to  0.3 mag. T heir am plitude variability  and faintness have 
prevented unam biguous m ode identifications so far, lim iting th e  power of seismic 
inference to  tune  th e  diffusive and ro tational processes. Rapidly ro ta tin g  cores have 
been claim ed for some of th e  sdBVs in order to  explain the ir dense frequency spectra
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in term s of low-degree m odes (Kawaler and Hostler, 2005). F irm  observational proof 
of th a t is not yet available, bu t, given th e  impressive efforts undertaken  to  understand  
th e  in ternal and atm ospheric stru c tu re  of these sta rs as well as th e ir  evolutionary 
sta tus, we expect rap id  progress in th e  near future. For a recent overview of the 
s ta tu s  of sdB seismology, we refer to  C harp inet e t al. (2007).
Recently, a seven-year s tudy  of the  sdBV s ta r  V391 Peg (Silvotti e t al., 2007) used 
th e  extrem e frequency stab ility  of two independent pulsation  frequencies to  show the 
presence of a « 3 .2 -M jup¡ter p lanet th a t had  moved from about 1 AU out to  1.7 AU 
during the  red giant phase of th e  sdB s ta r precursor, allowing th e  p lanet to  survive, 
m uch as th e  E a r th  m ay survive th e  S un’s red giant phase in about 7 Gyr. This novel 
application of asteroseismology highlights th e  close relation  and m utual in terests of 
helioseismology, asteroseismology, planet-finding and solar system  studies.
5.2. H eat-D riven P u lsato rs along the  M ain Sequence
Overshooting param eters and in ternal ro ta tion  profiles have not yet been determ ined 
for th e  o ther heat-driven pulsators known along th e  m ain sequence (besides th e  3 Cep 
stars), such as th e  slowly pu lsating  B sta rs (SPBs) and th e  A- and F -type 6 Sct and 
Y D or stars. T he m ain obstacles to  overcome are the  lim ited num ber of detected 
oscillation frequencies of the  g m odes for th e  SPB sta rs and y  D or stars, and reliable 
m ode identification for those as well as for th e  6 Sct stars. W hile the  pioneering 
space missions W IR E (Buzasi, 2002; B ru n tt and Southw orth, 2008) and M OST 
(M atthew s e t al., 2004; Walker, 2008) led to  an impressive and unprecedented num ber 
of oscillation m odes for several such stars, the  tim e base of th e  d a ta  was lim ited to  
a few weeks and unique m ode identifications are not available for these m ission’s 
ta rge t stars. It is to  be expected th a t th e  un in te rrup ted  photom etry  ob tained by the 
CoRoT (five m onths tim e base, launched 26 December 2006) and K e p le r  (3.5 years 
tim e base, to  be launched in 2009) space missions, along w ith  th e ir  ground-based 
spectroscopy program m es, will result in the  necessary frequency precision and mode 
identification. This should im ply big steps forward for th e  seismic modelling of these 
type  of stars.
Thus, even w ith  several space missions in operation, ground-based efforts to  in­
crease the  num ber of heat-driven pulsators w ith  (preferably sim ultaneous) long-term  
m ulticolour photom etric and high-resolution spectroscopic d a ta  for m ode identifica­
tion  should definitely be intensified. It was th is type of extensive d a ta  th a t yielded 
sudden and im m ense progress in th e  3 Cep s ta r  seismology discussed in th is paper 
and th a t also advanced significantly th e  in te rp re ta tion  of th e  oscillation spectrum  of 
th e  pro totypical 6 Sct s ta r FG  V ir (Zima e t al., 2006). Only system atic and dedicated 
observing program m es can bring us to  th e  stage of m apping and calibrating  the 
internal-m ixing processes inside sta rs across the  H R diagram .
5.3. Solar-Like P ulsators
A new dim ension in th e  progress for stochastically-excited pulsators is expected from 
th e  com bination of asteroseismic and interferom etric data , as explained by C unha 
e t al. (2007). T he CoRoT and K e p le r  missions will also provide a large im provem ent 
in the  d a ta  for solar-like oscillators. In particu lar, K e p le r  will yield d a ta  over several 
years for m ore th a n  a hundred stars, together w ith  th ree-m onth  surveys of m any 
more stars. T he very extended observations m ay reveal possible frequency variations
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associated w ith  stellar m agnetic cycles, as has been observed in  the  Sun, and hence 
improve our understanding  of such cycles. Also, th e  identification and in terp re ta tion  
of mixed modes, which have bo th  a p-m ode and a g-m ode character due to  a highly 
condensed stellar core, would be a great help to  tune  stellar evolution models towards 
th e  end of, and after, th e  central hydrogen-burning phase.
D ata  of even higher quality  on solar-like oscillators can be ob ta ined  w ith  dedicated 
m s - ^precision  radial-velocity cam paigns, since th e  intrinsic stellar noise background 
is m uch lower, relative to  th e  oscillations, in velocity th a n  in photom etry  (e.g. Harvey 
1988). This is th e  goal of the  SIAMOIS (Mosser e t al., 2007) and SONG (G rundahl 
e t al., 2007) projects. SIAMOIS will operate  from the  South Pole, while SONG aims 
a t establishing a global network of m oderate-sized telescopes. B oth  are dedicated  to  
ob ta in  high-precision radial-velocity observations. This will increase substan tia lly  the 
num ber of (ro tationally  split) detected  modes, particu larly  a t relatively low frequency 
where th e  m ode lifetim e is longer and the  po ten tia l frequency accuracy is higher. 
W ith  the  high-quality  d a ta  expected from CoRoT, K ep le r , SIAMOIS and SONG, 
we m ay hope to  carry  out inverse analyses (e.g., Basu e t al., 2002, Roxburgh and 
Vorontsov 2002) to  infer th e  detailed properties of stellar cores.
These projects, and others fu rther in to  the  fu ture, covering sta rs across th e  HR 
diagram  will provide an extensive observational basis for investigating stellar in teri­
ors. Together w ith  th e  parallel developm ent of stellar modelling techniques we m ay 
finally approach th e  point, in the  words of E ddington  (1926), of being ‘com petent to 
understand  so sim ple a th ing  as a s ta r ’.
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